The human insulin-like growth factor (IGF) system has attracted significant researcher interest due to its endocrine and autocrine / paracrine activities, mitogenic effects and the involvement in the regulation of proliferation, differentiation and apoptosis. The signaling pathways used by the IGF system impact cellular metabolism in a complex manner complex and many details are still unclear. Understanding the molecular mechanism of action of IGF's and their effects on cellular activity may provide a basis to develop new anticancer drugs. This review focuses on recent studies that expand our knowledge of the signaling pathways of IGF system.
INTRODUCTION
The IGF (Insulin-like Growth Factor) axis plays an important role in the control of growth, differentiation, proliferation and death processes. The IGF system consists of two ligands, IGF-1 and IGF-2 (Insulin-like Growth Factor I and II), two receptors, IGF-1R, IGF-2R (Insulin-like Growth Factor Receptor I and II), six IGF-binding proteins, IGF-IGFBP 1-6 (Insulin-like Growth Factor Binding Protein one to six) and specific IGFBP proteases. The same system encompasses also the Insulin-like Growth Factor Binding Protein-related Peptides (IGFBP-Pr), insulin and its receptors [9, 18, 19, 42, 51] .
STRUCTURE OF IGF-1 GENE AND ROLE IN CARCINOGENESIS
The gene coding for human IGF-1 protein is located on the long arm of chromosome 12 (12q22-q24.1), it encompasses the region of around 90 kbp and contains six exons separated by very long (1.9-50 kbp) introns [59] . Sequence of IGF-1 gene manifests a conservative character. Transcription of IGF-1 gene remains under control of two promoters, P1 and P2. It is estimated that around 90% of IGF-1 transcripts originates from promoter P1. In human genome the promoter region of P1 encompasses 322 nucleotides located in 5'UTR of exon 1 and a regulatory region of 1630 nucleotides, manifesting an extensive polymorphism. The most conserved is the 5'UTR region of 322 nucleotides. The p1 promoter lacks sequences typical for promoters of other genes, such as TATA or CCAAT elements or regions rich in GC residues but it contains five fragments protected against digestion with DNAse: HS3A, HS3B, HS3C, HS3D, HS3E. The locus of HS3D is probably responsible for control of IGF-1 gene expression by estrogen [8] . In the regulatory region of P1 promoter, at the distance of around 960 nucleotides from the start site a microsatellite region is located, containing 19 CA repetitions [69, 87] .
Promoter P1 of IGF-1 is located before exon 1 and P2 before exon 2 [87] . Depending on the site of transcription start, exons 1 and 2 code for two alternate signalling peptides, positioned at the amino end of IGF-1 molecule. The promoter regulatory regions contain binding elements for numerous transcription factors, including SP1 factor (Specifity Protein 1, SP-1) [81] . Exons 3 and 4 code for the mature IGF-1 protein while exons 4 and 5 undergo an alternative splicing of pre-mRNA yielding differentiated forms of IGF-1 gene transcripts in cells of individual tissues [53, 55, 69] .
The complex post-transcriptional processing of primary pre-mRNA may produce 6 various mature transcripts (isoforms) of mRNA [7, 8] . Depending on the activated to transcription of a given molecule promoter P1 or P2 respectively transcripts of class I or II are distinguished. The alternative splicing yields mRNA isoforms of IGF1Ea, (containing exon 6 at C terminus), IGF1Eb (containing exon 5) and IGF1Ec (49 nucleotides of exon 5 + exon 6). All the types of mRNA molecules provide templates for synthesis of IGF-1 protein. IGF-1 protein is synthesized in the form of propeptides which subsequently undergo proteolysis. As the result, N-terminal signal peptides coded by exons 1 and 2 are excised and the mature IGF-1 protein molecule is released, coded by exons 3 and 4 and C-terminal peptides E coded by exons 5 and/or 6 [53, 90] . Differences in expression of individual isoforms are conditioned by several factors and depend, among other, on the type of tissue, cell age and its stage of differentiation. It is suggested that peptides E released during proteolysis of IGF-1 proprotein may fulfil different functions, independent of the mature form of IGF-1 protein [7, 81] . Role of the peptides was not yet fully recognised and it provides topic of many studies [93] . It is best recognised for the Ec peptide, termed MGF (Mechano Growth Factor, MGF) which participates in proliferation and differentiation of myoblasts [90 ] .
Expression of IGF-1 gene is controlled by genetic factors (genetic polymorphism), IGFBP and their proteases, GH and its receptor, somatostatins, GHRH and their receptors. Concentration of IGF-1 in a cell is dependent, first of all, on GH and its receptor, with mediation of which activation of STAT (Signal Transducers and Activators of Transcription, STAT) takes place [14, 30] . The phosphorylated STAT proteins undergo translocation to cell nucleus, in which in form of dimers they participate in activation of IGF-1 transcription and transcription of other cellular proteins [2] .
The gene coding for IGF-2 contains 9 exons and it is located in the short arm of chromosome 11 (11p15.5), at a distance of 1.4 tbp from insulin gene. Its protein product consists of 67 amino acids. Transcription of IGF-2 gene takes place from four promoter loci (P1-4) situated respectively within exons 1, 4, 5 and 6. In foetal life in liver promoters are active described as P 2-4 [15] . On the other hand, in the postnatal life transcription of IGF-2 remains mainly under control of promoter P1. Recently, IGF-2 was demonstrated to control growth of nervous cells in adults [14] . The gene of IGF-2 undergoes parental imprinting. In normal tissues the gene originating from mother is methylated and remains inactive while the paternal copy of the gene remains active [14] . Changes in methylation or loss of imprinting (LOI) may lead to development of neoplasia, e.g., Willms tumour, Beckwith-Widemann's syndrome, rhabdomysarcoma, Silver Russell's syndrome [88] . Initiation of IGF-2 transcription from various promoter loci and an alternative splicing are responsible for manifestation of several forms of IGF-2 gene transcript, similarly as it is in the case of IGF-1 [55] .
INSULIN-LIKE GROWTH FACTOR BINDING PROTEINS (IGFBP)
In circulation IGF-1 is present in the free form and in the form complexed with proteins which bind IGF (IGFBP). Six IGF-binding proteins were identified, IGFBP of various affinity to IGF 1 and IGF 2 (tab. 1). Around 85-95% of total IGF-1 in serum forms a complex, consisting of IGF-1, IGFBP-3 and the acid-labile subunit (ALS) of 150 kDa in molecular weight. Formation of the IGF: ALS complexes takes place in liver sinusoids. In such a complex half-life of IGF-1 is extended to 12-18 hours while for the free IGF-1 it is just few minutes [12] . Extending IGF-1 half-life, the complex protects the host against hypoglycaemia effects, induced by unbound insulin-like growth factors, influence bioavailability of free IGF in serum and inhibits transport of circulating IGF to target tissues [13, 22] . The protein of IGFBP-3 fulfils an IGF-1 storing function and it restricts its access to receptors on cells in specific tissues [18, 73] .
IGFBP proteins contain 16 to 20 cystein residues, manifesting high similarity of amino acid sequence on both ends of the molecule. The central region in IGFBP molecules manifests a very restricted similarity of amino acid sequence as well as it varies in the degree and type of post-translation modification by proteolysis, glycosylation and phosphorylation. The N terminus of the proteins, just after the signal peptide, contains 80-93 amino acid residues manifesting 58% similarity. The domain contains 10 to 12 cystein residues. The content of cystein residues points to the potential for formation of a few (5 to 6) disulphide bridges. The N terminus of all IGFBP proteins, except of IGFBP-6, contains a highly conserved GCGCCxxC motif. In IGFBP proteins their C terminus also contains a conserved motif, the similarity of which approximates 34%. In the C terminus 6 cystein residues are present.
Location of 5 cystein residues of a specific amino acid sequence manifests 37% similarity to the thyreoglobulin type I domain. The domain consists of 65 amino acid residues and it is tenfold repeated at the N terminus of thyreoglobulin molecule. The role of the thyreoglobulin domain in IGF 1 molecule remains unknown. It is suggested that it may be engaged in binding of IGF and in binding with the cell surface and extracellular matrix [51] . C terminus of IGFBP-1 and -2 molecules contains the RGD amino acid motif providing binding sites for integrins [83] , while the proteins of IGFBP-3, -5 and -6 contain the heparin-binding motif (of xBBBxxBx, where B stands for Arg, Lys or His, while x represents every other amino acid residue) engaged in binding of the cell to the surface and extracellular matrix [34] . Domains at the N and C ends of IGFBP molecules form third order structures manifesting high affinity in binding of IGF [43] .
The central region in IGFBP molecule contains 55 to 95 amino acids manifesting around 15% similarity. In IGFBP-3 and -4 proteins amino acid residues are N-glycosylated, in IGFBP-5 and -6 they are O-glycosylated. IGFBP-1, -3 and -5 proteins are also post-translationally modified by phosphorylation [80, 88] . The phosphorylated IGFBP-1 protein manifests a fivefold increased IGF-binding affinity. In turn, phosphorylation of IGFBP-3 protein increases strength of the protein interaction with ALS subunit and with cell surface [11] .
IGF binding proteins contain also unique elements, responsible for differences in their physiological function. IGFBP-3 manifests the highest concentration in the post-natal blood and is synthesized mainly in Kupffer cells [1] . IGFBP-4 and IGFBP-6 probably inhibit physiological functions of IGF [24, 44] . The protein is present in many extracellular body fluids [26] . IGFBP-1, -2, -3, -4 and -5 are frequently associated with components located at the surface of cell membrane or extracellular matrix [44, 82] . Binding of IGFBP-5 to extracellular matrix (ECM) reduces eightfold its affinity to IGF-1. IGFBP-1,-2, -3, -4 and -5 manifest a comparable ability to bind IGF-1 and IGF-2, while IGFBP-6 exhibits 100-fold higher affinity to IGF-2 than to IGF-1 [44, 70] IGFBP act not only as carriers of IGF in circulation, they also control bioavailability of IGF-1 for the receptor in target tissues, modulate its functions and extend its half-life. In addition the IGF-binding proteins fulfil functions independent of the factors. It was demonstrated that IGFBP-1, -2, -3, -5 may be present in cell nucleus [1, 2, 50, 52] . Specific IGFBP proteases exert a significant effect on activity of IGFBP and cell proliferation. For example, IGFBP-3 is a substrate for catepsin D and PSA. Degradation of IGFBP by proteases reduces affinity of the proteins for IGF 1, and augments its bioavailability for IGF-1R receptor [3, 41] . An increase in activity of proteases promotes development of tumours [36, 46, 90] .
Human genes coding for IGFBP manifest high similarity of their nucleotide sequences even if they markedly differ in size, ranging from 5.7 kbp to 33 kbp. Except of IGFBP-3 gene, which contains 5 exons, including one undergoing no translation, all the remaining IGFBP genes contain four exons [87] .
Affinity to IGF and capacity of binding it are manifested also by IGFBP-related protein, IGFBP-Pr (tab. 1). The proteins are included to the family of IGFBP due to their structural similarity and their ability to bind IGF. The domain located at N terminus of IBGFBP-Pr manifest high similarity to the N-terminal domain of IGFBP. The protein family includes, i.a., proteins such as Mac25 (follistatin (FS)-like protein), PSF (Prostacyclin-Stimulating Factor), TAF (Tumour Adhesion Factor), CTGF (Connective Tissue Growth Factor) [33] . Their role in the IGF system remains to be recognised. IGFBP-Pr are capable of binding IGF through the conserved region at the N terminus of the molecule with an affinity around 100-fold lower than IGFBP. 
RECEPTORS FOR INSULIN-LIKE GROWTH FACTOR 1R (IGF-1R) AND SIGNAL TRANSMISSION
IGF act on cells through their specific receptors [33, 67, 86] . The receptor of IGF-1R for IGF-1 represents an important component of GH/IGF axis [63] . The protein represents a tetramer consisting of two identical extracellular subunits α and two identical transmembrane subunits β linked to each other by disulphide bridges. The receptor of IGF-1R manifests high affinity to both IGF-1 and IGF-2. The ligands are bound to the cystein-rich domain in the receptor alpha subunit, which results in signal transmission through the transmembrane domain to the intracellular kinase domain in the beta subunit [9] . This leads to conformational alterations in beta subunit, autophosphorylation of tyrosine residues in positions 1149, 1150 and 1151 and to stimulation of tyrosine kinase (TK) receptor activity, which phosphorylates the receptor-linked substrate proteins. The domain contains ATP-binding sequences. For activation of TK receptor lysine in position 1003 of the protein is indispensable [9] . The IGF-1R receptor manifests the most pronounced affinity to IGF-1, followed by IGF-2 and insulin [74] .
IGF-1R is manifested in cells of many tissue types. The number of receptors ranges from 20 to 35.000 per cell and their expression is strictly controlled by GH and and thyroxine [19] . The number of IGF-1R molecules increases under effect of other growth factors, such as Plateled-Derived Growth Factor (PDGF), Fibroblast Growth Factor (FGF), transforming growth factor-β (TGF-β), Vascular Endothelial Growth Factor (VEGF) [72, 87] .
IGF-1R, together with insulin receptor (IR), with which it shares 70% of amino acid sequence, belong to the family of tyrosine kinase type II receptors. Expression of IGF-1R is inhibited by Wilms' tumour suppressor protein (WT1) and p53. IR consists of two extracellular subunits alpha and two transmembrane subunit beta with activity of tyrosine kinase [17] . Insulin receptors are much less numerous in the cells than IGF receptors as well as hybrid forms of the two receptors are known, including alpha IR, beta IR, alpha IGFR, beta IGFR [12] . The hybrid receptor is activated by insulin and, with higher affinity, by IGF-1. IR is present in two isoforms produced as a result of alternate splicing of exon 11: i/IRA, with absence of exon 11 and ii/IRB, containing exon 11. Insulin binds to both forms of the receptor [12, 28, 74] .
Type II of IGF receptora (IGF-2R) is a monomer and significantly differs from the receptor for insulin and IGF-1R. The receptor manifests no tyrosine kinase activity and is less significant for stimulation of cell growth. It manifests affinity to IGF-2 and it binds ligands containing mannose-6 phosphate. In a cell IGF-2R undergoes rapid endocytosis [6] . The receptor manifests properties of neoplastic transformation suppressor. Therefore, its absence in a cell leads to increase in free IGF-2, which activate IGF-1R and can stimulate cell proliferation [91] .
Activation of IGF-1R occurs due to binding by the receptor of IGF-1 or IGF-2, which results in conformational changes in the receptor and in autoactivation of the receptor tyrosine kinase ( fig. 2) . The alterations initiate signal transfer in the cell, which leads to cell proliferation and inhibition of apoptosis. Activation of phosphatidylinositol 3' -kinase (PI3K) and of protein kinase-B (Akt/PKB) with mediation of IGF-1R involves the principal signalling pathway which protects cell from apoptosis. IGF-1R activates also other signal transmission pathways in the cell, responsible for control of cells proliferation and differentiation. One of the pathways leads to activation of mitogen-activated protein kinases (MAPK) [5] . Another pathway causes transplacement of calcium and activation of calcium-dependent cellular pathways [33] .
Phosphorylation of the receptor and an increased inner activity of IGF-1R tyrosine kinase, linked to autophosphorylation of other receptor sites, result in phosphorylation of receptor-associated substrate proteins. Activated IGF-1R phosphorylates insulin receptor substrates -1 and -2 (IRS-1, -2), which bind to receptor tyrosine in position 950. The phosphorylated IRS interact with SH2 (Src Homoolgy-2) domains of phosphatidylinositol-3 kinase (PI3K), inducing its activation [45] . As the result, a stimulated glucose transport in the cell, an augmented contractility of cardiomyocytes and inhibition of apoptosis were noted, due to activation of numerous proteins and other molecules taking part in the processes [17] . Moreover, activation of [33] PI3K catalyses phosphorylation of phosphatidylinositol 4,5-disphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3). The reaction of PIP3 dephosphorylation develops with involvement of PTEN (Phosphatase and Tensin homolog deleted from chromosome-10) phosphatase. The phosphatase silences in the cell signals originating from receptor kinases, including those of IGF1-R [29, 47] .
The activated PIP3 binds to PH (Homologue of Pleckstrin) domain of at least two AKT (v-akt murine thymoma viral oncogene) proteins and of Phosphoinositide -Dependent Kinase-1 (PDK-1). With participation of PDK-1, phosphorylation takes place of AKT protein treonine residue in position 308 and of protein kinase C proteins: PKC-λ and PKC-ξ (47, 48) . PKC in line with AKT are responsible for an increased rate of glucose uptake by the cell, facilitating translocation of glucose transporter-4 (GLUT4) from an endocytic vesicle to cell membrane [13] . Active AKT phosphorylates numerous proteins engaged in the apoptotic process and in this way inhibits their activities. The principal target of AKT involves BAD (BCL2 Antagonist of Cell Death) protein [21] . The unphosphorylated BAD is located in mitochondrial membrane, in which it interacts with BCL2 (B-Cell CLL/Lymphoma-2) protein, blocking its anti-apoptotic activity. The phosphorylated BAD binds to a cytosolic protein 14-3-3 and is unable to interact with BCL2. AKT may also prevent initiation of caspases cascade by phosphorylation and inactivation of caspase 9. Moreover, ACT phosphorylates numerous pro-apoptotic proteins, belonging to the family of transcription factors, including FKHR (Forkhead transcriptional factor) and FKHRL1(Forkhead-Related family of mammalian transcription factor-1), inhibiting their activities. Activation of AKT leads also to a decreased expression of FASL (ligand of Fas) and of Fas-dependent apoptosis. Apart from inhibition of proapoptotic activities manifested by transcription factors, active AKT augments also levels of BCL2 and BCL-X antiapoptotic proteins and of numerous adhesion molecules of extracellular matrix. An increased activity of AKT leads also to expression of the antiapoptotic transcription factor, NF-κ B due to control of activity manifested by kinases of I-κ B, IKKs (I-Kappa B Kinase). This results in degradation of I-κ B , in translocation of the nuclear factor kappaB, NF-κ B ( Nuclear Factor-kappa B) to the cell nucleus and to activation of transcription manifested by anti-apoptotic genes. Further AKT-activated pathway is responsible for inhibition of activity manifested by glycogen synthase kinase-3 (GSK3), due to phosphorylation of serine residue in position 21 at the N terminus of subunit alpha and serine 9 in subunit beta of the protein [93] . The inhibited activity of GSK3 in response to IGF, results in dephosphorylation and activation of glycogen synthase and in stimulation of glycogen synthesis [51] GSK3 catalyses also phosphorylation and inhibits activity of the factor which initiates synthesis of eukaryotic proteins (eukaryotic Initiation Factor-2B). Therefore, IGF-1R, by inhibition of GSK3 activity allows for dephosphorylation and activation of eIF2B, which leads to an increased protein synthesis. The unphosphorylated eIF4E (eukaryotic Initiation Factor-4E) is present in the cell in complexes with one of three proteins, 4EBP1, 4EBP2 or 4EBP3 (Eukaryotic initiation Factor-4E Binding protein). Phosphorylation of 4EBP induces decomposition of the eIFE-4EBP complex, release of eIE4E, which takes part in initiation of protein translation [87] .
Substrates for phosphorylation with involvement of AKT kinase include also mTOR proteins. mTOR (mammalian Target Of Rapamycin) kinase integrates numerous cellular pathways, including IGF1 and 2. mTOR represents one of the main mediators in transmission of a mitogenic signal in the cell with involvement of IGF 1/PI3'K/AKT. [60, 87] Activity of mTOR kinase resulted in activation of ribosomal proteins, p70S6K and S6, and in an increased protein synthesis [35] . mTOR kinase, S6K1, activated with mediation of IGF1 was shown to increase transcription of genes controlled through estrogen receptor (ER) alpha [10, 76] . In breast cancer cells ER alpha together with BRCA1 protein binds to the controlling region of IGF1 gene inhibiting its transcription [40, 76] . Defective BRCA1 protein activates the IGF1/Pi3'K AKT signal transmission pathway and accentuates a mitogenic signal [40, 75, 79] .
Also as a result of IGF-1R autophosphorylation activated SHC proteins (proteins containing SH2) are bound to the adaptor protein, GBR2 (the growth factor receptor bound protein-2), which initiates the SOS pathway in the IRS-independent manner. Subsequently, the complex activates the signal transmission pathway with participation of p21 RAS and initiates the phosphorylation cascade of RAF serine-threonine kinases, Mek1/2 (MAP kinase kinases), and ERK1/2 (Extracellular signal Regulated Kinases), responsible for cell differentiation and migration as well as for control of apoptosis. The final point of MAPK pathway involves modification of activity manifested by transcription factors, ELK (ETS domain-containing Elk-1). Transcription factors, SRF (Serum Response Factor) and ELK1 participate in control of expression exhibited by genes, the protein products of which cooperate in transmission of mitogenic signals. In this way phosphorylated ERK transmits consecutive signals to cell nucleus, which evokes the mitogenic response: progress in cell cycle and cell proliferation [10, 37, 88] . Similarly to AKT pathway, the final target of ERK action involves the BAD protein, which prevents against apoptosis. The Ras-->Raf-->ERK1/2 pathway may also be activated by phosphorylation of tyrosine in IRS. This results in formation of IRS-GRB2-SOS complex, which activates RAS [27, 87] .
A ligand binding to IGF-1R leads also to activation of potential-dependent calcium channels and to transient increase in intracellular level of Ca2+ ions, exerting an influence on activity of calcium ion-dependent transcription factors, such as MEF2 (Mads box transcription Enhancer Factor-2), NFAT (Nuclear Factors of Activated T-cells) and CREB (cAMP Response Element-Binding), which amplify expression of numerous antiapoptotic proteins, including BCL2. The elevated levels of Ca2+ ions in cytoplasm activate the protein phosphatase, calcineurin, disturbing action of calmodulin. Activation of calcineurin leads to dephosphorylation of NFAT and to its transport to the cell nucleus, in which, together with other factors it binds with soecific regulatory elements in genes of defined protooncogenes [56, 87] .
Analysis of gene expression in human fibroblasts in response to IGF-1 demonstrated expression of, i.a., such proteins as POST (Periostin Osteoblast Specific Factor, POST), engaged in metastasis and angiogenesis [76] ; TNC (Tenascin-C), which stimulates cell proliferation and LOXL1 (Lysyl Oxidase-Like 1), the protein belonging to family of oxidases, engaged in the process of neoplastic invasion. [51, 87] Transmission of signals along the IGF-I-IGF-1R pathway carries importance in both physiological and pathological conditions [3, 16, 23, 25, 87] . In normal cells IGF-I stimulates DNA synthesis and is required for cell passage to the phase S of the cell cycle. IGF-I plays also an important role in development of a hypertrophic response, leading to an increased expression of contractile proteins, such as actin, myosin or troponin [13] . Taking advantage of tyrosine kinase, PI3K and MAPK, IGF-1R pathways may help in decreasing the risk of cardiac disease by preventing against apoptosis [48] . In cells not stimulated by IGF tyrosine kinase activity remains inhibited due to interactions between amino acid residues in the loop responsible for its activation and other residues in the kinase domain as well as between kinase domain and and the receptor-neighbouring region in the cell membrane [51] .
The presented transmission of signal along the IGF-1 /IGF -1R axes is very complex and it develops with involvement of numerous molecules forming a specific network within the cell, in which most of the components play role of mediators in actions of numerous hormones, growth factors or cytokine receptors. The pattern of molecule interactions within the network, their kinetics and intracellular localization exert effect on alterations in cell behaviour, control of their growth and division [4, 51, 88] . Due to its endo-, para-and autocrine action, IGF system plays the incompletely clarified yet function in development of many tumours. The obtained till now scientific clinical data [3, 23, 25, 27, ,31, 54, 57, 62, 64, 66, 79] accentuate the need for better understanding of IGF signaling, which would allow physicians to identify patient's neoplastic phenotype and to reach the highest probability of obtaining advantages from such an directional approach, particularly important in the antineoplastic therapy.
